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■ INTRODUCTION
Donor−acceptor systems based on platinum(II) and two different noninnocent ligands have been investigated intensively because of their potential role in harnessing solar energy and their rich redox properties.
1,2 Metal complexes of noninnocent ligands, once considered spectroscopic curiosities, 3 have made a huge comeback in recent years mainly owing to their use in catalysis and energy-related research. 4 Some of us have been involved in the investigation of donor−acceptor complexes of the form [(Q The synthesis and electrochemical and spectroscopic properties of these complexes have been reported by us in recent years. 7 In an initial report, we showed that the otherwise inert complex 1 could be made reactive toward chemical reagents by subjecting it to a reversible, one-electron oxidation process. 7d Our work, in line with that of other groups, 4c highlighted the need for an [NR] group on the Q ligand to stabilize the oxidized complex and hence indicate that compound 1 will hold much promise for redox-induced chemical reactivity studies. Complexes 1 and 3 show strong absorption in the vis− near-IR (NIR) region [Figures S1 and S2 in the Supporting Information (SI); see the discussion below]. The donor− acceptor motif enables light-induced charge transfer with the potential to form a charge-separated state, as observed in other platinum(II) diimine catecholate systems.
1e,f These states could be perceived as involving a one-electron-oxidized catecholate/ amidophenolate unit, just as will be observed upon oneelectron oxidation of the parent compound. These compounds also offer an opportunity to directly compare the nature and dynamics of the excited states in catecholate versus amidophenolate complexes, as well as between Pt II pap complexes and those containing a diimine such as 2,2′-bipyridine in place of pap. The present study is aimed at the following questions:
(1) What are the geometric and electronic structural features of the one-electron-oxidized form of 1?
(2) How does redox-induced reactivity in 1 work and what is its mechanism? (3) What kinds of products are formed in the reaction of the one-electron-oxidized form of 1 with nucleophiles? (4) What is the nature of the excited states of 1 and 3 and what is the influence of the change in the nature of the donor ligand, from catecholate to an amidophenolate, on the nature and dynamics of the lowest excited state?
In the following, we present results from synthesis, electrochemistry, UV−vis−NIR, and electron paramagnetic resonance (EPR) spectroelectrochemistry, and time-resolved infrared (TRIR) spectroscopy to address these questions. We further report the results from simulations of cyclic voltammogram and density functional theory (DFT) calculations. Finally, we apply the recently introduced metrical oxidation state (MOS) concept to elucidate and compare the results for the compounds presented here with platinum(II) diimine catecholate complexes.
■ RESULTS AND DISCUSSION
Synthesis and Crystal Structures. Compound 1 was synthesized by a procedure reported by us recently using Pt(pap)Cl 2 7a and H 2 O,N Q in the presence of a base. 7d 1 can be obtained in high yield and purity by using this route, and hence large amounts of this compound can be easily synthesized for investigating its chemical reactivity. As we had reported earlier, complex 1 is unreactive toward tested external substrates such as H 2 , PPh 3 , and pyridine and is stable as a solid and in solution under ambient conditions. 7d The reactivity in 1 is switched on by performing one-electron oxidation of this complex. Because the one-electron-oxidized form of 1 is the reactive species that can be used as a precursor for a diversity of compounds in electrochemical synthesis, 7d chemically isolating this compound and determining its structure by single-crystal X-ray diffraction studies is of considerable interest. 9 This concept, which takes all of the relevant C−C, C−O, and C−N bond lengths of such ligands into consideration for calculating MOS, is a convenient way of quantifying the structural results and correlating them to "formal" ligand oxidation states. Furthermore, such an analysis also provides valuable insight into the actual bonding situation in metal complexes of such noninnocent ligands. 2a−c,g,9 However, the MOS value for O,N Q in 1 is −1.5. This value is certainly smaller than the value of −2 expected for an amidophenolate ligand. Amidophenolates are known to engage in better π-bonding interactions compared to their catecholate counterparts, hence resulting in noninteger oxidation states for these ligands, particularly in combination with relatively electron-poor metal centers. 9 An important and interesting question here is, how does this concept apply to platinum(II) complexes? The answer to this question lies in analysis of the bond lengths within the pap ligand. For 1, the azo bond N2−N3 has a length of 1.321(4) Å, whereas for 3, this bond length is 1.307(7) Å. In such donor−acceptor systems, the donor ligands such as O,N Q or O,O Q are capable of π donation into the low-lying π* orbitals of the pap acceptor. As has been mentioned above, ligands of the type O,N Q are better at undergoing π donation than O,O Q. π-Back-donation into the pap ligand would result in an elongation of the azo NN bond. For the complex containing O,N Q, this elongation is expected to be greater than that in the complex containing O,O Q. This is exactly what is observed in 1 compared to 3. Similar effects in other bond lengths of pap are also observed (Table S2 in the SI). It is this π donation in 1 that leads to noninteger MOS. Although such an effect is well established for a metal complex with titanium(IV) or vanadium(V), 9 it is fascinating that these effects can also be observed in a complex containing platinum(II). The reason for this occurrence is the strongly π-accepting ligand pap that is present in this complex, implying an effective platinum(II)-mediated communication between the donor and acceptor ligands. To the best of our knowledge, the MOS value of −1. We had observed the reaction of 1 + with PPh 3 while performing cyclic voltammetric experiments.
7d This reaction can be taken as a model for the redox-induced reactivity of 1 in general, and hence unravelling its mechanism is of broad interest. The mechanism of this process has now been analyzed in depth (see below). Our initial studies had shown the formation of a species of the form [ ) leads to a cathodic shift of the oxidation potentials of 1 compared to those of 3 (Table 1 ) of more than 0.2 V. The chemical reversibility of the second oxidation process improves on going from 3 to 1. This observation is related to the better donating ability of the completely oxidized o-iminoquinone form, and hence its ability to bind better to a metal center, compared to its all-oxygendonating counterparts, the o-quinones. Remarkably, the first reduction potential for 1 is also shifted by about 250 mV compared to that for 3. This process, which takes place predominantly on the pap ligand, is clearly influenced by the nature of the donor ligands in the complexes, indicating electronic communication through the metal center. As has been discussed above, the significant π donation from O,N Q 2− to pap results in this large cathodic shift of the first reduction potential on moving from 3 to 1. As can be seen in Table 1 , the influence of changing the donor ligand on the second reduction potential of the complexes is significantly smaller compared to their influence on the first reduction potential.
Complex 1, which is stable with respect to reactions with tested external substrates such as H 2 and PPh 3 , can be activated toward such reactions by one-electron oxidation. A simulation of the cyclic voltammogram of 1 in the presence of PPh 3 was performed in order to gain insight into the mechanism of this process; the resulting curve fits the experimental data well (Figure 3) . The overall process can be described by a cyclic electron transfer/chemical reaction/electron transfer/chemical reaction (ECEC) mechanism, as shown in Scheme 3, where the best-fit parameters for the various steps are also given. 3 . The equilibrium constant for this reaction is on the order of 10 6 M, and the rate of the forward reaction is 10 7 order of magnitude faster than the backreaction. These observations are in line with the unreactive nature of the neutral complex 1 toward external substrates. The overall mechanism is thus a chemically reversible cyclic ECEC process. Upon a decrease in the temperature to −40°C, the nature of the cyclic voltammograms measured in the presence of PPh 3 changes ( Figure S4 in the SI). This is likely a result of the lower reaction rates of the chemical reactions that follow the redox processes. Association/dissociation of PPh 3 to the oxidized complex is expected to be slower at lower temperatures, and the lower rates of those reactions will ensure the presence of a higher number of redox-active species on the cyclic voltammetric time scale (for instance, incomplete dissociation of PPh 3 from the aforementioned five-coordinate platinum complex). As a result of this, the number of redox steps observed at lower temperatures is higher.
As has been pointed out in the section on the synthesis, complex 1
•+ slowly reacts with PPh 3 in solution, forming a new complex, [2]PF 6 , as the most thermodynamically stable product. It should be noted here that the synthesis of complexes such as [2]PF 6 through conventional synthetic routes is difficult, and to the best of our knowledge, only few examples of such complexes are known. 10 [2]PF 6 can be reversibly oxidized and reduced in one-electron steps ( Figure 4 and , the form seen to be stabilized in [2]PF 6 . UV−Vis−NIR and EPR Spectroscopy and Spectroelectrochemistry. The neutral complexes 1 and 3 each display an intense absorption band in the NIR region ( Figure 5 and Table  S3 in the SI), which can be attributed to the combination of a Q 2− -to-pap ligand-to-ligand charge-transfer (LLCT) transition with a Pt II -to-pap metal-to-ligand charge-transfer (MLCT) transition. 7b,d In view of the discussion on the crystal structures presented above, 3 is likely to have more charge-transfer character in this NIR band. For 1, because there is substantial delocalization in the ground state of the molecule, a chargetransfer description is less applicable. In agreement with this hypothesis, the lowest-energy absorption band of 3 displays a strong negative solvatochromism with absorption maxima of 1011 and 1114 nm in CH 2 Cl 2 and n-hexane, respectively (914 cm −1
). The absorption maximum of this charge-transfer band expressed in reciprocal centimeters shows a linear dependence on the solvent polarity, as can be seen from Figure S1 in the SI.
11,2a In contrast to 3, the solvent dependence of the lowestenergy absorption band for 1 is negligible ( Figure S2 in the SI). The bandwidths of the lowest-energy bands for both complexes also display solvent dependence. However, the dependence of the width on the solvent polarity is opposite for the two complexes (Figures S1 and S2 in the SI). The position of the NIR bands in these neutral complexes correlates well with the difference between the potentials of the first oxidation and first reduction steps (Table 1) , appearing at 897 nm for 1 and at 970 nm for 3.
One-electron oxidation of 1 in an optically transparent thinlayer electrochemical (OTTLE) cell leads to a loss of intensity of the initial NIR band and a shift to longer wavelengths (1114 nm). The band at 415 nm, which appears for 1
•+ , is typical for an iminosemiquinonato ligand.
7d Furthermore, there is a band at 535 nm for 1
•+ that can be tentatively assigned to a MLCT transition. Because (Table S3 in the SI and Figure 5 ). These bands are reminiscent of the bands observed for 1 •+ . Particularly, the band at 421 nm is an indication of the presence of an iminosemiquinonato radical ligand in 2
•+ . Thus, both 1 •+ and 2
•+ clearly contain the O,N Q •− form of the ligand, as has also been discussed in the structural part above. The bands in the UV region can be assigned to transitions within the ligands.
One-electron oxidation of 2 •+ to 2 2+ leads to the disappearance of the initial bands in the NIR region. In the The paramagnetic complex 2 •+ was also studied by EPR spectroscopy. At 295 K in CH 2 Cl 2 , 2
•+ exhibits an EPR signal centered at g = 1.999 (Figure 7 ). This signal could be simulated by considering hyperfine coupling constants of 3.2, 7.7, and 6.4 G (5.4 G for two different P nuclei) respectively to 1 H (I = 1 / 2 ), 14 N (I = 1), and 31 P (I = 1 / 2 ) nuclei. 12 Additionally, platinum satellites ( 195 Pt, I = 1 / 2 , and natural abundance = 33.3%) of 23.2 G were also taken into consideration for the simulation. The appearance of the signal at room temperature in a fluid solution and the g value are an indication of predominantly ligand-centered spin. Furthermore, the hyperfine coupling constants calculated for the 1 H and 14 N nuclei are typical for the iminosemiquinonato ligand. These data thus point to the predominant spin localization on the iminosemiquinonato ligand in 2
•+ . Spin polarization also leads to the observation of hyperfine coupling to the 31 P and 195 Pt nuclei, albeit with very small coupling constants to these nuclei, which are otherwise known to exhibit large hyperfine coupling constants.
Fourier Transform Infrared (FTIR) and TRIR Studies. In order to investigate the dynamics of the excited states in such delocalized systems, compare catecholate versus aminophenolate behavior, and compare the behavior of the Pt(pap) compound with those of the Pt(diimine) type, picosecond TRIR studies have been undertaken.
The FTIR spectra of 1b and 3 ( Figure 8 ) show a number of bands in the fingerprint region. The band assignments obtained from DFT calculations are given in the SI (Figures S5−S8 and  Tables S4−S7 ). The ground-state IR absorptions for both compounds are dominated by ring-bending modes at 1460− 1480 cm −1 (phenyl and pyridine rings) coupled to the catecholate ring and −CH bending modes of the t Bu groups of the catechol, and by catecholate ring-bending modes at 1530−1550 cm −1 (Tables S4−S7 in the SI). DFT calculations show that these are strongly coupled throughout the molecule for both complexes, in both the singlet and triplet ground states.
The picosecond TRIR spectra in the 1420−1620 cm
region following 400 nm excitation for 1b and 3 in CH 2 Cl 2 are shown in Figure 9 . 400 nm excitation leads to an instant bleaching of the ground-state bands and to the formation of several transient bands that decay to the baseline on a variety of time scales (vide infra). We note that DFT calculations find a considerable platinum contribution into the frontier orbitals, which may lead to an ultrafast intersystem crossing in the initially populated singlet excited state. 13 Thus, it is likely that the electronically excited state(s) detected by TRIR on the time scale of >5 ps will be in the triplet manifold. Accordingly, the IR spectra of the lowest triplet states were obtained with DFT calculations for comparison with the TRIR data. . These latter bands correspond to delocalized bending modes of the pyridine and phenyl rings. This observation points to several important conclusions. First, the nature of the lowest excited state in 1b (the 190 ps process), which possesses an amidophenolate ligand, is mainly an intra-pap (intraligand triplet, 3 IL) state rather than a charge-transfer state. This conclusion is consistent with the relatively small solvatochromism of the lowest-energy electronic absorption band in this compound compared to 3 and to other platinum(II) catecholates.
14 Second, the fast process appears as anharmonically shifted ground-state bands, which are characteristic of "hot", vibrationally excited ground states that are formed because of very fast energy loss from the higher-lying electronic excited state on time scales of less than 5 ps after initial excitation. 13,14−17 This result implies that the ultrafast nonradiative deactivation of the initially formed excited state to the ground state is efficient and therefore that the yield of the excited state is relatively low.
The excited-state dynamics of 3 also involve two decay components on time scales longer than 5 ps. A 23 ± 2 ps component is observed as a shift of spectral signals toward higher energy as the bands decay, as indicated by the arrows in Figure 9C . This behavior on such time scales is characteristic of a vibrational cooling process observed as the vibrationally hot electronic excited states equilibrate with the surrounding solvent. 15,2c This is shown as "grow-in" kinetic components at some spectral positions, which reflects a shift to higher frequencies as cooling occurs. A longer component with a 140 ± 15 ps lifetime is observed as transients and ground-state bleaches throughout the region of interest and uniformly decays down to the baseline. Thus, in the case of 3 and differently to 1b, several pairs of ground-state bleaches/transient signals are observed that involve both pap and catecholate vibrations, albeit highly delocalized. These observations lead to the assignment of an electronic excited state in 3 as pap/Pt-toPt/catecholate charge transfer ( 3 CT) in nature. This assignment is consistent with the displayed strong solvatochromic behavior of 3 and is typical of Pt(diimine)(catecholates). A summary of the TRIR-deduced photophysical pathways for 1b and 3 following 400 nm excitation is shown in Scheme 4.
DFT Calculations of Frontier Orbitals and Spin Density. In order to verify the composition of the frontier orbitals of complex 1 in the ground state and to determine the spin-density distribution of the one-electron-oxidized and -reduced states of this complex, DFT calculations were carried out with the program ORCA for complex 1. Similar calculations on 3 have been reported by us previously. 7c As can be seen from Figure 10 , the frontier orbitals of 1 are composed mainly of combinations of orbitals from the O,N Q 2− and the pap ligand. The Pt II center makes only a negligible contribution to these frontier orbitals.
O,N Q 2− is seen to make the predominant contribution to the highest occupied molecular orbital, with a small orbital coefficient observed in the pap ligand. For the lowest unoccupied molecular orbital, the orbital coefficients are highest on the azo N atoms of the pap ligand. These results confirm the predominant contribution of the redox-active ligands to the frontier orbitals of complex 1.
Spin-density distribution and EPR parameters were calculated for the one-electron-oxidized, as well as the one-electronreduced, forms of 1. The calculated g values and hyperfine coupling constants to all nuclei (except Pt) are reproduced with reasonable accuracy with these calculations. As can be seen from of spin on the redox-active ligands for both the one-electronoxidized and -reduced forms.
■ CONCLUSIONS
A new series of platinum(II) charge-transfer complexes that combine a pap electron-acceptor ligand with amidophenolate ( O,N Q 2− in 1) or catecholate ( O,O Q 2− in 3) donors has been synthesized and fully characterized. The concept of MOS, a method to determine the oxidation level of noninnocent ligands such as catecholates and amidophenolates, has been applied to these compounds using an average of all of the intraligand bond lengths. This approach allowed us to obtain further insight into the electronic structure of these compounds and compare them with their platinum(II) diimine analogues. MOS delivers a value of −1. . As a consequence, the electron density in the ground state of 1 is delocalized across the molecules, which is also confirmed by a negligible solventpolarity dependence of the lowest-energy absorption band in 1. In contrast, the lowest-energy absorption band in 3 displays a strong negative solvatochromism, typical for MLCT/LLCT transitions. The radical cation of 1 is highly reactive with respect to reactions with nucleophiles, and the mechanism of this process for the example of a reaction between 1
•+ and PPh 3 has been proposed. The thermodynamically stable product of the reaction between 1
•+ and PPh 3 is [( O,N Q
•− )Pt(PPh 3 ) 2 ]
•+ (2 •+ ), which is formed upon substitution of the acceptor ligand pap with PPh 3 . The nature and dynamics of the excited states in 1b and 3 have been investigated by picosecond TRIR spectroscopy. The results indicate a stronger charge-transfer character in 3, with the spectroscopic signatures in TRIR similar to those of previously investigate platinum(II) diimine catecholates. The Pt(pap)(amidophenolate) complex 1b, on the other hand, displays different TRIR behavior, which is indicative of a lowest excited state of a purely pap-based character. Thus, the TRIR excited-state studies correlate well with the conclusions on the nature of the lowest excited state derived from applying the MOS concept.
This study also shows that the MOS concept and a combined electrochemical and spectroelectrochemical approach can be utilized to rationalize chemical reactivity in metal complexes containing redox-active ligands.
■ EXPERIMENTAL SECTION
General Considerations. Complexes 1 and 3 were prepared according to reported procedures.
7b,d All other reagents were commercially available and used as received. All solvents were dried and distilled using common techniques unless otherwise mentioned.
Instrumentation. Cyclic voltammetry was carried out in a 0.1 M Bu 4 NPF 6 solution using a three-electrode configuration (glassy carbon working electrode, platinum counter electrode, and silver wire pseudoreference electrode) and a PAR VersaSTAT 4 potentiostat. The ferrocene/ferrocenium (Fc/Fc + ) couple served as the internal reference. Cyclic voltammetric simulations employed DigiElch 7 software. EPR spectra in the X band were recorded with a Bruker System EMX. Simulations of EPR spectra were done using the Simfonia program. UV−vis−NIR absorption spectra were recorded on an Avantes spectrometer system: Ava Light-DH-BAL (light source), AvaSpec-ULS2048 (UV−vis detector), and AvaSpec-NIR256-2.5TEC (NIR detector). Spectroelectrochemical measurements were carried out using an OTTLE cell. 18 Elemental analysis was performed on a Perkin-Elmer 240 analyzer. Mass spectrometry experiments were carried out on a Bruker Daltronics Mictrotof-Q mass spectrometer. IR experiments were carried out on a THERMO Nicolet 6700 spectrometer.
Synthesis.
[1]BF 4 . Complex 1 (25 mg, 0.037 mmol) and AgBF 4 (7.2 mg, 0.037 mmol) were taken together under a nitrogen atmosphere in 10 mL of dry dichloromethane. The reaction mixture was allowed to stir for 1 h. The color of the solution changed from green to deep red. The reaction mixture was filtered through Celite to remove precipitated silver, rinsing with about 5 mL of dichloromethane until the effluent ran colorless. The solvent was removed under reduced pressure, and the resulting red solid was crystallized from 3 mL of dichloromethane layered with 10 mL of pentane. Yield: 14 mg (0.018 mmol, 49% [2]PF 6 . A Schlenk tube was charged with complex 1 (26 mg, 0.039 mmol), AgPF 6 (9.8 mg, 0.039 mmol), and 10 mL of dry dichloromethane. The reaction mixture was stirred for 1 h. The mixture was filtered through Celite to remove precipitated silver, and PPh 3 (20.5 mg, 0.078 mmol) was added to the solution of the oxidized complex. The color of the solution changed from deep red to orange. The solvent volume was concentrated to about 3 mL, and 15 mL of dry pentane was added. The resulting mixture was cooled to −20°C to yield a red-brown crystalline solid. The product was isolated via filtration. Yield: 31 mg (0.027 mmol, 69% TRIR Spectroscopy. Picosecond TRIR studies were performed in the Ultrafast Spectroscopy Laboratory, Rutherford Appleton Laboratory, STFC, UK, ULTRA 19 facility. The IR spectrometer comprised two synchronized 10 kHz, 8 W, 40 fs, and 2 ps titanium sapphire oscillator/regenerative amplifiers (Thales), which pump a range of optical parametric amplifiers (TOPAS). A portion of the 40 fs Ti:S beam was used to generate tunable mid-IR probe light with around 400 cm −1 bandwidth. The 400 nm pump beam was generated from the second harmonic of the 40 fs laser. The probe and pump beam diameters in the sample were about 70 and 120 μm, respectively, and the pump energy at the sample was 1 μJ. The pump and probe beams were set at magic angle to each other. In this case, changes in IR absorption spectra were recorded by three HgCdTe linear-IR array detectors on a shot-by-shot basis. The TRIR instrument response was approximately 100 fs. All experiments were carried out in Harrick cells with 2-mm-thick CaF 2 windows with a 390 μm sample path length and a typical optical density of 0.5−1 at 400 nm. All samples were mounted on a 2D-raster stage, and solutions were flowed through the cell to ensure photostability.
DFT Calculations. The program package ORCA 2.9.1 was used for all calculations. 20 The geometry optimization, frequency analyses, and single-point calculations were performed by the DFT method with BP86 and B3LYP functionals, respectively, 21 including relativistic effects in zero-order regular approximation (ZORA). 22 Convergence criteria for the geometry optimization were set to default values (OPT), and "tight" convergence criteria were used for SCF calculations (TIGHTSCF). The triple-ζ basis sets with one set of polarization functions 23 (TZVP) were used for transition-metal, O, and N atoms, and the double-ζ basis sets with one set of polarization functions 24 (SVP) were used for all other atoms. 6 were grown by the same method by storing the solution at −20°C. Intensity data were collected at 100(2) K on a Bruker SMART AXS or a Bruker Kappa Apex II duo diffractometer (graphite-monochromated Mo Kα radiation, λ = 0.71073 Å). Crystallographic and experimental details for the structures are summarized in Table S1 . Structures were solved by direct methods (SHELXS-97) and refined by full-matrix least-squares procedures (based on F 2 , SHELXL-97 
